Abstract Anisotropic impulse conduction was studied in neonatal rat heart cell monolayers produced by culturing cells on a growth-directing substrate of collagen. Monolayers consisting of parallel-oriented cells without visible intercellular clefts were selected for experiments; cell lengths and widths were 65.8±+12.5 and 12.2+3.2 gm (n=49), respectively. Action potential upstrokes were measured by using 12 photodiodes selected within a lOx10 diode array and a voltage-sensitive dye (Circ Res. 1994;75:591-595.) 
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Abstract Anisotropic impulse conduction was studied in neonatal rat heart cell monolayers produced by culturing cells on a growth-directing substrate of collagen. Monolayers consisting of parallel-oriented cells without visible intercellular clefts were selected for experiments; cell lengths and widths were 65.8±+12.5 and 12.2+3.2 gm (n=49), respectively. Action potential upstrokes were measured by using 12 photodiodes selected within a lOx10 diode array and a voltage-sensitive dye (RH-237). The size of the area sensed by a single diode was 14x 14 gim. High-density multiple recordings (resolution, up to 15 gim) demonstrated the variability of local activation delays and of the maximal rate of rise of the action potential upstroke (Vm.), which are presumably related to the microscopic cellular architecture. Mean macroscopic conduction A nisotropy of cardiac muscle plays an important role in the propagation of excitation waves and in the initiation and maintenance of cardiac arrhythmias. Sano et all presented the first evidence that tissue anisotropy caused directional differences in impulse spread with fast velocity in a direction parallel to fiber orientation and slow velocity in a direction perpendicular to the fiber axis. Later, Clerc2 demonstrated that intracellular resistance in ventricular trabecula was 10 times larger in a direction transverse to fiber orientation than in a longitudinal direction. In accordance with continuous cable theory, conduction velocity was three times larger in the longitudinal than in the transverse direction in the same experiments. More recently Spach et a13 presented results on anisotropic propagation that could not be explained by continuous cable theory. They found that the maximal rate of rise of the action potential upstroke (Vm:) was larger in the transverse than in the longitudinal direction. Moreover, premature impulses propagating in the longitudinal direction were blocked, while they continued to propagate in the transverse direction. Both the higher transverse Vma and the dependence of block on fiber orientation were interpreted as reflecting a higher safety factor for transverse than for longitudinal propagation.
The subject of directional differences in Vm,, and the occurrence of unidirectional conduction block was addressed in a large number of studies. [4] [5] [6] [7] [8] [9] [10] [11] [12] collagen It has been suggested that the effects of anisotropy on Vmaxand the safety factor are attributed to the presence of recurrent spatial discontinuities of axial resistance related to cellular borders.3'13 Experimental verification of this hypothesis was hampered until now by the complex three-dimensional geometry of cardiac tissue and by the lack of techniques available for high-resolution mapping of activation spread. In the present study, we developed a technique that allowed growth of anisotropic two-dimensional monolayers of heart cells on a mechanically treated substrate of collagen. An optical method that allows for the recording of membrane potential with cellular resolution14 was used to assess the directional differences in conduction velocity and VmEIx.
Materials and Methods Cell Culture Collagen Coating
Extracellular matrix protein collagen type IV from human placenta (Sigma) was dissolved in phosphate buffer at a concentration of 20 to 50 gg/mL. Two milliliters of the solution was applied to one side of the glass coverslips (22-mm diameter, 0.14-mm thickness, Haska) for 1 hour at room temperature. Afterward, the coverslips were rinsed with distilled water and air-dried. A growth-directing substrate was obtained by gently rubbing the collagen coat with a fine brush. This mechanical treatment produced an adhesion matrix leading to a parallel alignment of the cultured cells. Myocytes were isolated from neonatal Wystar rats (2 days old) by using a procedure reported in detail previously.15 In brief, the ventricles of the excised hearts were dissociated with trypsin (0.1%). The dispersed cells were suspended in medium M199 (GIBCO) with an ionic composition of (mmol/L) NaCl 
Measurements of Activation Map and Vmax
Activation maps were constructed by using linear interpolation between diodes. At a given measuring site and with a given position of the diode array, impulse conduction was measured in the direction parallel to the long cell axes and in the transverse direction by changing the location of the stimulation electrode. To calculate Vm,x, signals were scaled to 100-mV amplitude, filtered with a cutoff frequency of 2 kHz, and digitally differentiated. Repetitive exposures of cells to excitation light resulted in the reduction of Vma. by 6% (phototoxic effect). To compensate for this effect in the comparison of longitudinal with transverse velocity, the order of measurements was alternated from experiment to experiment.
Morphology
Before each recording, cell morphology was observed in red light (filter, >630 nm), and the photodiodes were positioned over a chosen area. Pictures showing the bright-field illumination image of the cells and of the photodiodes and the phase-contrast picture of cells (magnifications of x20 and x40) were made by a video camera (WV-CD50, Panasonic) and a videographic printer (UP-811, Sony). This procedure avoided phototoxic damage of cells. Morphological parameters of cells were measured from photographs. Cell length was taken as the longest straight line within a cell contour. The longest line within the contour perpendicular to the long axis was taken as the cell width. Statistical data are expressed as mean+SD. Two-tailed nonpaired Student's t test was used for comparison, and a value of P<.05 was considered statistically significant. 
Results
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Discussion
Anisotropy of cardiac tissue plays an important role in impulse propagation and generation of cardiac arrhythmias. So far, the effects of anisotropy have been studied in isolated tissue preparations including atrial tissue,3 papillary muscle,23,13 and sheets of ventricular myocardium.6,7,10,'7-2' In the whole heart, anisotropy was assessed on the epicardial surface of the intact heart,22-24in a thin rim of subepicardial muscle surviving after the intramural infarction,25 or after cryodestruction of intramural layers.12'2526 Typically, a sheet of viable tissue in such experiments consists of many cell layers, which complicates the assessment of impulse conduction at the cellular level. A possible solution to avoid the complexity of three-dimensional heart tissue is to use cultured cell monolayers.14 Thus, we developed a technique allowing the production of two-dimensional anisotropic monolayers of heart cells. This was achieved by coating glass coverslips with collagen, which is known for its ability to promote cell adhesion, and by scratching the collagen substrate with a brush. This mechanical treatment produced cell adhesion patterns in which cells formed an anisotropic structure. Mean cell length (66 ,um) and cell width (12 ,um) in anisotropic monolayers were slightly smaller than values found in adult rat myocytes (cell length, 73 to 98 ,um; cell width, 15 to 18 Atm27) and similar to the values found in cultured strands of neonatal rat myocytes grown in channels formed by a photosensitive polymer.1415 The degree of the structural anisotropy given by the ratio of cell length to width as well as by cell alignment was similar to the myocardial structure in vivo. The method of multisite optical recording of action potential upstrokes, which was validated in our previous work,14 was used for the first time to characterize the directional differences in vivo. This would be consistent with the observation that the higher margin of safety for transverse longitudinal conduction is only observed in "nonuniform" anisotropic tissue, ie, in the presence of connective tissue sheets separating the fiber bundles.31
